or decades, the petrous part of the temporal bone has haunted skull base neurosurgeons and continues to do so. The depth of lesions, difficulties of approaches, and challenging neurovascular structures, e.g., brainstem and cranial nerves, have frightened neurosurgeons for decades, causing this area to have a reputation of a "No Man's Land." 17, 18, 22 Operative approaches to this area include clivectomy after transcervical, transoral, extended transoral, subfrontal, transsellar-transcavernous, transsylvian, combined transsylvian and anterior subtemporal, and combined transsylvian and transpetrosal approaches. Approaches vary from pure extradural to intradural and combined ones. obJect The surgical corridor to the upper third of the clivus and ventral brainstem is hindered by critical neurovascular structures, such as the cavernous sinus, petrous apex, and tentorium. The traditional Kawase approach provides a 10 × 5-mm fenestration at the petrous apex of the temporal bone between the 5th cranial nerve and internal auditory canal. Due to interindividual variability, sometimes this area proves to be insufficient as a corridor to the posterior cranial fossa. The authors describe a modification to the technique of the extradural anterior petrosectomy consisting of additional transcavernous exploration and medial mobilization of the cisternal component of the trigeminal nerve. This approach is termed the modified Dolenc-Kawase (MDK) approach. methods The authors describe a volumetric analysis of temporal bones with 3D laser scanning of dry and drilled bones for respective triangles and rhomboid areas, and they compare the difference of exposure with traditional versus modified approaches on cadaver dissection. Twelve dry temporal bones were laser scanned, and mesh-based volumetric analysis was done followed by drilling of the Kawase triangle and MDK rhomboid. Five cadaveric heads were drilled on alternate sides with both approaches for evaluation of the area exposed, surgical freedom, and angle of approach. results The MDK approach provides an approximately 1.5 times larger area and 2.0 times greater volume of bone at the anterior petrous apex compared with the Kawase's approach. Cadaver dissection objectified the technical feasibility of the MDK approach, providing nearly 1.5-2 times larger fenestration with improved view and angulation to the posterior cranial fossa. Practical application in 6 patients with different lesions proves clinical applicability of the MDK approach. coNclusioNs The larger fenestration at the petrous apex achieved with the MDK approach provides greater surgical freedom at the Dorello canal, gasserian ganglion, and prepontine area and better anteroposterior angulation than the traditional Kawase approach. Additional anterior clinoidectomy and transcavernous exposure helps in dealing with basilar artery aneurysms.
with the anterior petrous bone with his extradural subtemporal transtentorial anterior petrosectomy approach, which avoids aerodigestive tract contamination and provides better exposure of the posterior cranial fossa. 16, 17 This approach provided an extradural corridor interposed between cranial nerve (CN) V and the CN VII/VIII complex, minimizing brain retraction. 7, 16 Various surgeons have developed several modifications of the Kawase approach in a variety of permutations and combinations. 16, 17 Few studies are available for quantitative comparison of areas exposed by different operative approaches. 6, 7, 14, 20, 21 We hereby describe a technique of the modified DolencKawase (MDK) approach, incorporating the surgical benefits of Dolenc's 8 and Kawase's 16 approaches, practiced by the senior author (A.S.). The MDK approach provides a larger area of exposure at the anterior petrous apex, maneuverability at Dorello's canal and the prepontine area with greater surgical freedom, and angulation via an extradural approach. This study is unique in that it uses 3D laser scanning of dry bones and quantitative mesh analysis of scanned polygonal data. The validity of the MDK approach is substantiated by computerized volumetric analysis of temporal bones and cadaver dissection, comparison with the Dolenc and Kawase approaches, and evaluation of clinical applications in 6 patients with a variety of lesions. This approach is helpful for large spheno-petroclival lesions with variable anteroposterior extension and basilar artery aneurysms. 9 
methods volumetric analysis of temporal bones
This approach includes laser scanning and volumetric analysis of intact bone followed by reanalysis after drilling the bones for the Kawase triangle and later by additional drilling of the MDK rhomboid. Twelve dry temporal bones were randomly selected from the bone bank of the Department of Anatomy (All India Institute of Medical Sciences) (Fig. 1 D1) . These bones were laser scanned using Scanworks (Halyard Drive) (Fig. 1 L1) . Three-dimensional scanned bone data were obtained in the form of point clouds. Geomagic Studio converts these point clouds into triangulated meshes. Fine processing of meshes was done with the aid of AutodeskMaya (Autodesk, Inc.) and ZBrush (Pixologic Inc.) (Fig. 1 M1) . These meshes were evaluated for area and volume with the aid of MeshLab (version 1.3.2, Visual Computing Lab ISTI-CNR) ( Table 1 , Mesh 1).
The boundaries of the Kawase triangle were defined by the following landmarks: 1) the junction of the greater superficial petrosal nerve (GSPN) with the lateral border of the mandibular division of the trigeminal nerve (V3), 2) the lateral margin of the porus trigeminus, and 3) the anteromedial margin of the arcuate eminence ( Fig. 1 D2, Fig.  2 ). The Kawase triangle was drilled using an electric diamond drill with the aid of a 3D microscope (OPMI Vario, Carl Zeiss; and 3D high-definition microscope camera, Sony) at uniform magnification ( Fig. 1 D2) . Drilled bones were rescanned (Fig. 1 L2) , and volumetric analysis of the remaining bone was done as mentioned above (Table 1 , Mesh 2) (Fig. 1 M2) . The comparative evaluation of Mesh 1 and Mesh 2 provided the area and volume of the drilled portion of the bone (i.e., Kawase triangle) ( Table 2) .
The same bones (D2) were re-marked and drilled for the proposed rhomboid area (Fig. 1 D3) , whose boundaries were defined as 1) the lateral margin of V3 after medial mobilization of the trigeminal nerve; 2) the bony surface, just lateral to petroclival ligament; 3) the arcuate eminence; and 4) the intersection of a line drawn along the axes of the GSPN and the arcuate eminence ( Fig. 1 D3, Fig. 2 ). These bones were rescanned (Fig. 1 L3) and analyzed for area and volume (Fig. 1 M3) boid) ( Table 2 ). All the markings and drilling were done by the senior author (A.S.) to remove surgeon's error. All data were statistically analyzed using the Fisher exact test.
cadaver dissection
The ethics committee of the All India Institute of Medical Sciences approved the cadaver dissection work. Five fresh cadaver heads with no known brain pathology were dissected on both sides (10 specimens). All dissections were performed and recorded using a 3D microscope (OPMI Vario and 3D high-definition microscope camera). The drilling was done under fixed magnification (magnification factor 1.0; magnification ×7.08). Each head was first treated via a traditional Kawase approach on one side and an MDK approach on the contralateral side. The ventral prepontine area was chosen as an area of interest 
dissection technique: mdK rhomboid
The disarticulated cadaver head was fixed on a 6-pin fixator in the supine position with 45° rotation to the opposite side with slight extension (surgeon standing on vertex side). The technique is described as follows (Video 1). 1) A curvilinear incision was started 1 cm anterior to the tragus, extending superiorly and anteriorly toward the ipsilateral midpupillary line. Interfacial dissection of the temporalis fascia was done to preserve the frontal branch of the facial nerve. Sharp subperiosteal dissection of the temporalis fascia was done at the upper border of the zygoma. 2) A temporal craniotomy and zygomatic osteotomy were performed, and the temporalis muscle was retracted infe- riorly. The zygomatic osteotomy was performed from the lateral margin of the orbit anteriorly to the temporomandibular joint posteriorly. Removing part of the zygoma reduces the degree of temporal lobe retraction and allows a superiorly angled approach beneath the temporal lobe.
(Although a zygomatic osteotomy is not done in traditional Kawase's approach, 16 we added it for standardization in both procedures.) 3) The temporal base and sphenoid ridge were drilled to the middle cranial fossa floor until the orbitomeningeal artery (Fig. 3A) . The temporal dura was elevated from the posterior-to-anterior and lateral-to-medial directions (Fig. 3B) . 4) Subtemporal extradural dissection was done with sacrifice of the middle meningeal artery (MMA) after drill dilation of the foramen spinosum ( Fig.  3C and D) . 5) A sharp incision with a No. 11 surgical knife was made on the outer wall of the lateral cavernous sinus, i.e., the dura propria (Fig. 3E) . Interdural dissection (between the membranous dura and dura propria) was performed on the lateral wall of the cavernous sinus, exposing 3 divisions of the trigeminal nerve, without violating the inner dural layer. 6) Sharp dissection was done along the inferior margin of the greater petrosal groove to preserve the GSPN (Fig. 3F and G) . Interdural dissection exposed the trigeminal nerve from the superior orbital fissure anteriorly to the gasserian ganglion posteriorly (Fig. 3H and I ). It facilitated additional medial mobilization of V3 exposing a larger rhomboid area (Fig. 3J) . 7) Surface landmarks (i.e., the tegmen tympani, AE, and GSPN) were identified from lateral to medial. The boundaries of the MDK rhomboid were delineated. Drilling with a diamond drill in this area exposed a larger fenestration of 20 × 18 mm (Fig. 3K  and L) . Drilling proceeded in a posterior direction with no neurovascular structure in its way. 8) The posterior fossa dura and temporal dura were cut along with division of the superior petrosal sinus and tentorium, providing access to the infratentorial posterior cranial fossa (Fig. 3M and N) . The exposure achieved extends from the basilar bifurcation superiorly to the CN VII/VIII complex inferiorly (Fig.  3 O and P) .
custom tailored mdK rhomboid approach
For lesions extending into the anterior cavernous sinus and orbit, an extradural anterior clinoidectomy and frontotemporal zygomatic osteotomy with orbital deroofing may be added to the MDK approach (Video 2). The lesser wing of the sphenoid was drilled from lateral to medial, and the tentorial duplicature was cut at the anterior clinoid process. Orbital deroofing was done, followed by an extradural anterior clinoidectomy (Fig. 3D ) and anterolateral cavernous dissection through the far-lateral and Parkinson triangles. This exposure provides access to lesions extending into the anterior part of the cavernous sinus, from the superior orbital fissure anteriorly to the gasserian ganglion posteriorly.
results volumetric analysis: dry temporal bones
The average lengths of the edges of Kawase's triangle of the dry temporal bones were 21.71 ± 0.79 mm × 17.11 ± 0.40 mm × 13.05 ± 1.01 mm. With the traditional Kawase approach, a triangle was obtained at the anterior petrous apex of the area ranging from 136.71 mm 2 ). The areas and volumes obtained by MDK rhomboid exposure were 1.5 times and 2 times larger, respectively, than those obtained with the traditional Kawase approach, which was statistically significant (p < 0.001) ( Table 2) .
Exposed Area With Direction of Drilling: Cadaver Dissection
The MDK approach provided a fenestration of 20 × 18 mm at the anterior petrous apex, which was significantly larger than fenestration achieved using the Kawase approach (10 × 5 mm). Medial mobilization of V3 provided increased extension with significant surgical freedom at the Dorello canal and CN VI maneuverability. Interdural dissection and medial mobilization of the trigeminal nerve helps in lesser retraction over the temporal lobe. The added advantages are greater surgical freedom with increased anterolateral angulation (Figs. 3-5) .
Clinical Application
For the last decade we have surgically treated all varieties of middle cranial fossa pathologies using the MDK approach. 10 We prefer this technique because of its better angulation and exposure, which allow increased surgical ease (Fig. 6 ).
discussion
The anterior petrous apex has been considered as a gateway to the posterior cranial fossa. Walter Dandy must be pleased to see that after decades of practice, the radical approach of aggressive skull base procedures has forced the surgical fraternity to change the philosophy to access lesions of the petroclival region. However, the aim remains the same (i.e., maximum removal with minimal morbidity). The middle cranial fossa approach was introduced by House et al. for vestibular nerve section in cases of intractable vertigo. 15 It is beyond doubt that advances in microneurosurgical techniques, better magnification, and instrumentation have improved the margin of safety for approaching lesions in the sphenopetroclival and prepontine regions. 3 After the modification of House et al., several modifications followed, with slight variations to the approaches, skull base dissections, and preservation of the vestibulocochlear apparatus. 4 The need for better exposure in this region remains obvious, as the brainstem cannot be retracted and CNs do not tolerate excessive manipulation. 20 comparison with other surgical approaches to the petroclival region
The Kawase approach provides access to traditionally difficult lesions, such as large sphenopetroclival meningiomas and basilar trunk aneurysms. This technically de- manding procedure is popular because of the surgeon's familiarity with anatomy, years of successful practice, lesser parenchymal injuries, and temporal lobe retraction. With it, we get a triangular area at the petroclival region, medial to the internal auditory canal devoid of any significant neurovascular structures (Table 3) . 3, 7, 16, 17 The fenestration of 10 × 5 mm sometimes proves insufficient for lesions with significant infratentorial and cavernous sinus extension. Individual temporal bones suffer from significant variability in morphometric parameters. Earlier studies have raised questions regarding the value of the Kawase approach; the size of the window in the petrous bone is significantly smaller, providing insufficient space as a corridor to the posterior fossa. 7 Only a few authors have performed and described morphometric analyses of these approaches. 3, 6, 7, 14, 19 The tip of the petrous apex lies hidden under the lateral margin of the gasserian ganglion. Interdural dissection on the lateral wall of the cavernous sinus allows a wider area of exposure with some degree of medial mobilization of V3, which helps in better exposure of the pathological lesion. With added surgical exposure by the MDK approach, we get a larger fenestration due to removal of this hidden tip of the petrous apex. This provides increased surgical access to CN VI at the Dorello canal, the upper two-thirds of the clivus, and the prepontine area (exposure of CNs II-VIII). We call this approach the modified Dolenc-Kawase approach, as it is an addition of the Dolenc approach (anterolateral cavernous dissection) 8 to the Kawase approach (extradural subtemporal transtentorial approach) and provides a larger area at the anterior petrous apex. 16, 17 Anterior clinoidectomy and orbital deroofing are additional custom-tailored procedures with the MDK approach for lesions extending into the interpeduncular and suprasellar cisterns, orbit, oculomotor trigone, and cavernous sinus. An anterior clinoidectomy and a complete transcavernous approach significantly increase the working area and linear exposure of the basilar artery compared with abbreviated forms of the approach (p < 0.05). Lesions at the petrous apex are notorious for expanding in every possible direction, namely the middle cranial fossa, para cavernous sinus, orbit, and posterior cranial fossa. Before Kawase introduced his approach, all middle fossa approaches, such as the subtemporal transtentorial approach, were associated with complications, such as temporal lobe retraction injuries, especially venous infarcts. 3, 7, 10 With the MDK approach, we were able to create an area larger than that described by Kawase by removing bone from the AE to the tip of the petrous apex, which unroofs the internal auditory canal 270° and increases surgical freedom.
Although it is clear that the exposure obtained is much greater than that obtained with the Kawase approach, the major determinants of tumor resection with preservation of critical structures is also determined by tumor consistency, arachnoid plane preservation, and degree of involvement of critical neurovascular structures. 3 The senior author (A.S.) has practiced the MDK approach and has not encountered any retraction-related injury to temporal lobes. There were transient CN deficits in the postoperative period; otherwise, the complication rates were comparable with those associated with the Kawase approach, with increased surgical exposure and ease (Fig. 6) 
conclusions
The present paper describes a new technical modification of the traditional Kawase approach. Skull base procedures are complex and demand high competence and proficiency by the treating surgeon. Extent, pathology, and preoperative neurological status of the patient guide the surgeon in choosing the appropriate approach. An ideal approach is one that provides maximum exposure with minimal bone dissection and injury to parenchyma and neurovascular structures. There is little space for tailored approaches for lesions in the petroclival region. The MDK approach is a custom-tailored extradural approach for middle cranial fossa lesions with variable extension into the anterior and posterior cranial fossae.
The complexities of the skull base anatomy and dissection must be understood in cadavers in the laboratory before the approaches are practiced in the operation room. In our report, cadaveric analysis is a validating factor to prove our volumetric findings. The contribution of our study is primarily in describing our philosophy of a larger exposed area at the anterior petrous apex with an entirely extradural approach that provides enhanced exposure of middle cranial fossa lesions for better excision.
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